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Abstract 
A temperature of the long HTS cable increases with the temperature of the liquid nitrogen flowing along the cable 
accumulating the heat load. Therefore, the critical current decreases along the cable and in the part of the cable near outlet becomes 
the minimum. The critical current of the long HTS cable is estimated by the voltage drop across the cable. The typical n-value of 
the voltage-current characteristic of the cable is about 10-20. The decreasing of the critical current near the outlet leads the 
increasing of local electrical losses and it causes consequently the increasing of the local temperature of liquid nitrogen. In spite of 
the fact, that average electrical field is enough low (ܧ଴ ൌ ͳͲି଺ܸȀܿ݉) the local current can be higher than the critical one. 
Measurement of the critical current with criterion of average electrical field cannot provide the safe heat losses value in every part 
of the cable. In the present paper the local heat generation along the cable and the method for providing the safe local DC heat 
losses in the every part of the cable are discussed. 
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1. Introduction 
A DC HTS power cable is the promising high current application for the power transmission. AC losses are absent in the DC 
cable and the heat load arises from the ambient heat absorption and the Joule losses when the superconductor is in the resistive 
state at the current near critical. The cooling down of the cable is performed by the liquid nitrogen (LN2) pumping through the 
long cable cryostat. LN2 is under pressure and the heat losses increase the temperature of LN2 according to the heat capacity 
ܥ୐୒ଶ ൌ ʹ
୩୎
୩୥ή୏ (Chapter 6 of [1].  
The LN2 tempe*rature and the cable temperature are different along the cable. In the inlet the temperatures are lower than 
the temperatures in the outlet. For the Ishikari project [2] the natural difference is about 1-3 K. 
The critical current density is highly sensitive on the temperature and the heat losses increase in the area where the temperature 
is higher. For the long cable the Joule losses per 1 meter of length in the hot area are higher than average Joule losses fixed by the 
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criterion of critical current detecting (usually electrical field  ܧ ൌ ͳͲି଺Ȁ).  
The last experiment on the 500 m cable in Ishikari demonstrated the increasing of the temperature of LN2 at the outlet up to 
1 K in case of the zero transport current. For the longer cable, the ambient heat losses will be higher and the temperature difference 
also will be larger. The heat resulting from the Joule losses increases the temperature of the long length cable more and the Joule 
losses in the LN2 outlet end of the cable is maximal. 
2. The method of calculation 
Fig. 1 shows the cross section of the inner part of the cryostat with the HTS cable. The size of the cryostat for analysis is 
taken like in the Ishikari project [2] and the CASER project [3]. The pressure of LN2 inside cryostat is about 2-3 bar. The 
temperature of evaporation of LN2 under this pressure is about 83-87 K [4] and the temperature of input LN2 is about 70-77 K.  
For the calculation the ambient heat losses are taken into account. The values of initial temperature of LN2, ௜ܶ௡௟௘௧, and final 
temperature, ௢ܶ௨௧௟௘௧, are given as initial conditions. These values can be found more easily by direct measurement. The difference 
ο ௔ܶ௠௕௜௘௡௧ ൌ ௢ܶ௨௧௟௘௧ െ ௜ܶ௡௟௘௧ in the calculation is prescribed to be 1, 5, and 10 K. 
The efficiency of cooling down the cable with Joule losses is proportional to the LN2 pumping rate. Pumping rate for the 
calculation is assumed to be 30 l/min. According to the geometry of the cable shown in the Fig. 1, the velocity of the liquid nitrogen 
flowing along the cryostat is ݒ௅ேଶ ൌ ͲǤ͵ͷȀ. 
For calculation of the Joule losses in the HTS cable let’s split the cable for N parts of equal size with index i = 1..N and with 
length ݈௜ ൌ
௅೎ೌ್೗೐
ே . Let’s trace the portion of LN2 flowing through the cross section ܵ௖௔௕௟௘ along the cable from the inlet to the outlet. 
The volume of each portion is ௅ܸேଶ ൌ
௅೎ೌ್೗೐ήௌ೎ೌ್೗೐
ே . When this portion of LN2 comes into the next segment of the cable the 
temperature of this segment increases from two sources. One is the ambient heat losses. The temperature of LN2 in every segment 
increases by the same value ο ௜ܶ௔௠௕௜௘௡௧ ൌ ሺ ௢ܶ௨௧௟௘௧ െ ௜ܶ௡௟௘௧ሻ ܰΤ . The other is the Joule heat losses. The power of Joule heat losses 
per unit length is current multiply by electrical field of i-th segment, ௜ܲ ൌ ܫ ή ܧ௜. Current is the same along the cable. It is the 
transport current I maintaining by the current source. The electrical field ܧ௜ depends on the local critical current of the cable ܫ௖ሺ ௜ܶሻ 
which depends on the local temperature of i-th segment ௜ܶ. The voltage-current dependence of ݅-th segment is power dependence 
with power index n as follows  
ܧ௜ ൌ ܧ଴ ή ቀ
ூ
ூ೎ሺ்೔ሻ
ቁ
௡
,       (1) 
where ܧ଴ ൌ ͳͲି଺Ȁ is electrical field criterion of critical current. 
The critical current of the cable ܫ௖ሺ ௜ܶሻ vs. temperature ௜ܶ was calculated from known dependence of the critical current 
density taken from [5] and given amount of superconducting tapes (35 tapes) with known specified critical current of 190 A under 
77 K. The dependence of critical current of the cable vs. temperature in the range 70-80 K is shown in the Fig. 2. 
The Joule heat acts on the portion of LN2 near i-th segment of the cable during time ݐ௜ ൌ ݈௜ ݒ௅ேଶൗ . The increasing of the 
temperature of the portion of LN2 is ο ௜ܶ௃௢௨௟௘ ൌ
௉೔ή௧೔
஼ಽಿమήఘಽಿమή௏ಽಿమ
, where ߩ௅ேଶ ൌ ͺͲͲ  ଷΤ  is the density of LN2. After time ݐ௜ this 
portion of LN2 will be near next segment of the cable. Than we can write the temperature of the next segment of the cable if we 
know the temperature of previous segment as 
௜ܶାଵ ൌ ௜ܶ ൅ ο ௜ܶ௔௠௕௜௘௡௧ ൅ ο ௜ܶ௃௢௨௟௘Ǥ     (2) 
Now, it is possible to calculate the temperature of all segments of the cable because we know the initial temperature ௜ܶ௡௟௘௧ of 
LN2. The sequential calculation with (2) gives the temperature distribution along the cable. The example of this dependence is 
shown in Fig. 3. Voltage at the ends of the cable is the result of summation of ܧ௜  from expressions (1) multiplied on the length of 
each segment ݈௜. The example of this dependence is shown on Fig. 4.  
The value of N (the number of segments) is 50. This is enough to provide the accuracy of calculation about 0.1%. 
 
 
 
Fig. 1. Cross section of the inner part of the cable. The diameter of the 
cable is 42 mm, the diameter of the area with liquid nitrogen is 60 mm. 
 
Fig. 2. The dependence of critical current of the cable made of 35 tapes 
of Bi2223. This dependence was recalculated from the experimental 
data from [5]. 
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3. Result of calculation 
Transport current values is calculated, when the voltage drop at the ends of the 500 m cable becomes ܷ ൌ ܮ௖௔௕௟௘ ή ܧ଴ ൌ
ͲǤͲͷܸ. The Fig. 3-5 contain the data for the cables with n-values equal 10, 15 and 20. 
The result of calculations of the temperature along the cable is presented in the Fig. 3. The deviation of the temperature 
distribution from the linear dependence of the ambient heat losses is visible, and it is maximal at the outlet. Fig. 4 contains the 
dependence of the voltage drop between the initial point of the cable and the point located at the distance x from the initial point.  
The critical current corresponds to the total voltage 0.05 V. The derivative of the dependence of voltage vs. coordinate (electrical 
field gradient, V/m) is higher at the end of the cable. Fig. 5 presents the DC heat losses along the cable. 
It is possible to see that the maximal heat losses appear at the end of the cable and for applied conditions it is about 2 times 
higher than average heat losses. This phenomenon should be taken into account for calculation of the current carrying capacity. 
Table 1. The value of electrical field (mV/m) at the initial / end point of the cable. The average electrical field is always 100 µV/m. 
 
 
 
  
Fig. 3. Distribution of the temperature along the 
500 m cable for different n-values. 
Fig. 4. Distribution of the voltage along the 500 
m cable for different n-values. 
Fig. 5. Distribution of the DC heat losses along the 
cable for different n-values. 
n-value ௜ܶ௡௟௘௧ǡ  ο ௔ܶ௠௕ǡ ܫ௡௢௠ǡ ܧ௜௡ǡ
Ɋ
  ܧ௢௨௧ǡ
Ɋ
  
ܧ௢௨௧
ܧ௜௡
 ܫ௦௔௙௘ǡ  
൫ܫ௦௔௙௘ െ ܫ௡௢௠൯
ܫ௡௢௠
ή ͳͲͲΨ ܷ௦௔௙௘ǡ 
10 65 1 12750 62.85 151.3 2.41 12400 2.7 36.06 
10 70 1 9770 61.36 149.4 2.43 9490 2.9 35.37 
10 75 1 7215 59.97 150.6 2.51 6990 3.1 34.59 
10 77 1 6312 59.35 151.8 2.56 6120 3.04 35.07 
          
10 65 5 11180 16.89 315.1 18.66 10210 8.7 17.93 
10 70 5 8400 13.54 346.4 25.58 7580 9.8 16.33 
10 75 5 6020 9.807 370.6 37.79 5375 10.7 14.68 
          
10 65 10 8915 1.756 573.7 326.7 7670 14 9.773 
10 70 10 6410 0.9068 631.7 696.6 5440 15 8.73 
          
15 65 1 12750 49.83 184.1 3.69 12440 2.4 31.19 
15 70 1 9780 48.80 185.2 3.8 9520 2.7 30.44 
15 75 1 7215 46.44 183.5 3.95 7010 2.8 29.50 
15 77 1 6312 45.73 186.0 4.07 6125 2.96 29.20 
          
15 65 5 11060 5.904 455.7 77.18 10240 7.4 12.98 
15 70 5 8275 3.980 490.6 123.3 7600 8.2 11.76 
15 75 5 5917 2.371 530.3 223.7 5388 8.9 10.58 
          
15 65 10 8635 0.1441 790.7 5487 7670 1.1 6.994 
15 70 10 6175 0.04931 848.4 17205 5440 1.2 6.376 
          
20 65 1 12750 39.51 222.3 5.63 12470 2.2 27.24 
20 70 1 9780 38.42 225.7 5.87 9545 2.4 26.71 
20 75 1 7215 35.97 223.2 6.21 7030 2.6 25.97 
20 77 1 6312 35.23 227.8 6.47 6140 2.7 25.49 
          
20 65 5 10960 1.917 594.3 310 10260 6.4 10.27 
20 70 5 8185 1.092 636.4 582.8 7610 7.03 9.27 
20 75 5 5839 0.5223 677.3 1297 5392 7.7 8.344 
          
20 65 10 8450 0.01056 943.4 89337 7680 9.1 5.807 
20 70 10 6025 0.002382 987.4 414526 5445 9.6 5.367 
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The influence of the temperatures at the inlet and the outlet on current carrying capacity of the cable is presented in the Table 
1. The average electrical field was ܧ଴ ൌ ͳͲି଺Ȁ for all cases. First column of the table is the n-value of the cable. ܫ଴ is the 
current of the cable under 77 K with criterion ܧ଴ ൌ ͳͲି଺Ȁ. For all cases the value of the initial critical current is ܫ଴ ൌ ͳͻͲ ή
͵ͷ ൌ ͸͸ͷͲ. The change of the critical current vs. temperature occurs according to the Fig. 2. The nominal current ܫ௡௢௠ is 
the calculated current when the ambient temperature changes from ௜ܶ௡௟௘௧ up to ௢ܶ௨௧௟௘௧. The electrical field at the begin and the end 
of the cable is shown on column ܧ௜௡ and ܧ௢௨௧, accordingly. The value of ܧ௜௡ is lower than ܧ଴ ൌ ͳͲି଺ܸȀܿ݉ and ܧ௢௨௧ is always 
higher than ܧ଴. The specific heat loss per 1 m is ܧ௢௨௧ ή ܫ௡௢௠ and this value is higher than the same corresponding to the average 
electrical fieldܧ଴. To obtain the electrical field everywhere (especially at the end of the cable) less than ܧ଴ it is necessary to reduce 
the transport current to ܫ௦௔௙௘. Under this current the voltage drop at the ends of the cable will be ௦ܷ௔௙௘ and the electrical field at 
the end of the cable will be ܧ଴ ൌ ͳͲି଺ܸȀܿ݉.  
4. Discussion 
The performed calculations show that the critical current with criterion of average electrical field ܧ଴ ൌ ͳͲିସȀ produces the 
local electrical field near the end of the cable several times higher than the average one. As one can see at the column ܧ௢௨௧ of Table 
1 this difference can reach up to 10 times. During the work with DC superconducting cable it is possible to use the next strategies: 
1. If it is not critical the 10 times increasing of the local heat losses in the cable compare with nominal DC heat losses 
corresponding the electrical field ܧ଴ ൌ ͳͲିସȀ, for the short time measuring of the critical current, it is possible to 
increase the current up to average electrical field ͳͲିସȀ (for 500 m cable it is equal to 0.05 V). After measuring the 
critical current the working current should be decreased to safe value (column ܫ௦௔௙௘ in the Table 1) when the electrical field 
is less than ܧ଴ ൌ ͳͲିସȀ in every part of the cable. 
2. In the case if the electrical field should not be higher than ܧ଴ ൌ ͳͲିସȀ in the every part of the cable the current should 
not be higher than ܫ௦௔௙௘ and the total voltage should not be higher than the value shown in the column ௦ܷ௔௙௘. This current 
is about 10 % lower than the nominal current 
3.  when the average electrical field is ܧ଴ ൌ ͳͲିସȀ. The safe voltage on the cable is several times less than 0.05 V obtained 
by ͳͲିସȀ criterion. 
Because the increasing of the voltage occurs near the end of the cable with higher temperature it is possible to use the local 
cooler of the LN2 at the last part of the cable. For example in the point when graphs in the Fig. 5 cross each other. This method 
can increase the current carrying capacity up to ܫ௡௢௠. 
5. Conclusion 
The cooling down of the cable by flowing of LN2 without evaporation leads to the increasing of the temperature along the 
cable. Conventional criterion of critical current with average electrical field ܧ଴ ൌ ͳͲି଺Ȁ does not provide the same value of 
the electrical field along the cable because the local critical current is different along the cable. Near the outlet of LN2 the 
temperature of the superconductor is maximal and the critical current is minimal. The calculations demonstrate that the local heat 
losses for the cable with n-value about 20 for 500 m cable will be several times higher than nominal. From the cable safety point 
of view the risk of overheating and damaging of the cable exists. For the cable longer than discussed the risk much increases. It 
means that for the long cables it is necessary to control the local voltage of the part of the cable and the local temperature especially 
near outlet of LN2 in the cable cryostat. 
References 
[1] Ekin, Jack. Experimental Techniques for Low-Temperature Measurements: Cryostat Design, Material Properties and Superconductor Critical-Current 
Testing. Oxford University Press, 2006. 
[2] Yamaguchi, Satarou, et al. "Concept and Design of 500 Meter and 1000 Meter DC Superconducting Power Cables in Ishikari, Japan." Applied 
Superconductivity, IEEE Transactions on. 25 (2015): 1-4. 
[3] Hamabe, Makoto, et al. "Status of a 200-meter DC superconducting power transmission cable after cooling cycles." Applied Superconductivity, IEEE 
Transactions on. 23 (2013): 5400204. 
[4] Jacobsen, Richard T., and Richard B. Stewart. "Thermodynamic properties of nitrogen including liquid and vapor phases from 63 K to 2000 K with pressures 
to 10,000 bar." Journal of Physical and Chemical Reference Data. 2 (1973): 757-922. 
[5] Osamura, K., et al. "Factors suppressing transport critical current in Ag/Bi2223 tapes." Journal of applied physics. 79 (1996): 7877-7882. 
 
